Haptic 
Introduction
Science and haptic technology (i.e., allowing the user to feel forces of attraction or repulsion) have received a great attention in recent years. One of the main trend of use of these technologies is related to the display and the training of highly specialized operators, before their employment in a particular field. Let us consider, as examples, the training of surgeons, who through appropriate tools of simulation can familiarize with the same sensations of touch and force they will face during carrying out the actual job. Such use is completely oriented to the formation of personnel. In the same way, this technology can be used for educational purposes, for example to explain concepts difficult to assimilate by students, or otherwise usually explained only with the use of textbooks. In this paper, we present a framework based on haptic technologies that allows the tactile exploration and experimentation of molecules in terms of strength of intermolecular interactions. A deep understanding of those forces, that govern the processes of binding and molecular composition, is now of fundamental importance in many areas, for example in designing new drugs. Interactions between molecules are usually described in terms of huge amounts of data, stating how the attraction or repulsion between the compounds involved takes place, and where the location of binding sites on molecular surface are. Such information are difficult to interpret as is, even by experts of the field (chemists and scientists). On the other side, students can only rely on their imagination to understand how such interactions occur, following the description of the dynamics of phenomena explained by textbooks. The simulation of the interaction with the help of a haptic device can be very helpful for the comprehension. The developed tool here described is endowed with a processing and visualization system, which is coupled with a haptic device. As a molecule to be analyzed is displayed on the screen and shown to the user, a tactile probe representing an electrical charge of known value is used to explore the electronic surface of the same molecule. Auxiliary information to aid the navigation and the understanding of related concepts can be also shown. Fig. 1 The PHANToM ® haptic device from Sensable™.
State of the art
Literature presents some works that deal with the combination of haptic devices and simulations. Few of them are, anyway, related with educational purpose; most are oriented to research. [4] provides an overview on techniques for haptic rendering: most of the algorithms and applications focus on the representation of tactile feedbacks due to contacts with surfaces, rather than on the representation of forces distributed throughout a space, which are instead relevant for the work here described. With respect to the data visualization field and its application to the chemical domain and scientific research, the tool here described lies on the border between the nowadays classic computational chemistry, which focuses on the management and visualization of large amounts of data in the form of values numbers at the expense of usability or immediacy in understanding, and the more recent field of bioinformatics, which introduces a better management of user interfaces to display results. Most of the tools developed for the chemistry field, exhibit haptic interaction as a collateral function, usually added in a separate time to already existing tools. In framework here presented, instead, this type of interaction is the main one. Examples of such tools include VMD, PyMOL, and others [4] , which offer a wide range of graphical representations, but not an always easy interpretation of data, especially in the case of students.
[1] presents a similar tool, but strongly designed and based on theoretical models, and it does not allow to explore data obtained and used in scientific research, as this tool does. From the educational point of view, there are some works involving haptic technology and the representation of molecules. In [3] a user interface for teaching physical chemistry is presented. Such system uses a special device, developed by the authors themselves. The system here proposed adopts instead a haptic device available on the consumer market and of easy availability, also due to the relative low cost for the end user. [8] offers a work similar to this, but which still suffers from lack of generality, modeling only the interaction between two water molecules.
Multi-modal interfaces were proposed in the literature as well. [7] presents a multi-modal system based on virtual reality platform for simulation and experimentation of molecular Fig. 2 The architecture of the realized framework.
interactions with a tactile feedback coupled with olfactory and auditory responses. Anyway, these multi-modal solutions are rather complex to be replicated in educational environments. This work, instead, is easily scalable and can be reproduced with little effort, to be made available in school laboratories.
System description
The system architecture is composed of a computer (a typical PC) connected to a haptic device. In this work we have used a very common and easy-to-find device, such as the PHANToM ® produced by Sensable™ [6] . Fig.1 shows the haptic device how it is used. The device consists of a movable arm with 3 degrees of freedom (DOFs) where a little pen is associated to it. Its pointy extremity represents the contact point with surfaces or position in virtual environments. Fig. 3 Different representations of the same molecule (benzene).
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ICL 2010 Proceedings -Page 1023 Fig.2 shows the logical architecture of the developed framework. The system shows a 3D geometrical representation in a virtual environment of a molecule to analyze; a circular cursor represents the current position of the haptic probe. An electric charge, which magnitude can be arbitrarily set by the user and accepting both positive and negative values, is associated to the probe cursor. The user can then move the probe through the haptic arm of tool, and navigate the 3D space around the molecule; the feeling of force generated by the interaction between the electrostatic charge and the molecule is the feedback returned. In order to model the interaction, the system is based on the information stored in a pre-built data repository. For the geometric representation of molecule, a data format widely adopted in chemistry field is used (PDB). These data are then processed by two tools employed in computational chemistry. [9] and [10] , and used for scientific research. The output of such tools are the values of the electric field around the molecule, information needed to model the interaction. The electrostatic field is modeled as a grid of quantized values surrounding the molecule space, within a certain distance from it. The force felt by the user is the one associated with the voxel of grid the haptic cursor's current position falls in. Force is computed as the spatial gradient of the electrostatic field values in the surrounding of the haptic cursor position. The intensity of the returned forces would be naturally weak, dealing with objects of nanoscale objects. A human operator would then not be able to feel them if not amplified. With a series of use tests, an amplification constant has been determined, which allows to appropriately scale the forces in order to preserve their real proportions. The system allows the representation of molecules with standard graphical notations. Fig.3 gives an overview of the diverse molecular representations mostly used in chemistry: each one puts the emphasis on one or more features of a molecule. The wireframe notation, for example, allows to highlight the shape of the molecule; the ball-n-stick representation highlights the location of atoms in space, while the covalent spacefill and Van der Waals notations allow to show the space of interaction of the molecule, in the cases covalent binding or interaction with electrical charges, respectively. Fig.4 shows two representations of the same molecule from the developed tool. The molecule is represented as three-dimensional object. For interaction here described (charge-molecule) the most interesting representation is the Van der Waals. Fig.5 shows the graphical user interface (GUI) of the framework. The surface of the molecule is depicted with respect to the values of the electrostatic potential, discretized at intervals: each interval is associated with a different color in proportion to its boundary intensities and sign (positive or negative). The cursor, representing the electric charge and associated with the haptic probe, is also visible as a small yellow point. Further auxiliary information are displayed within the virtual environment, upon user request. The bottom-right part of Fig.6 shows a graph depicting the evolution of the electrostatic field along the direction connecting the haptic cursor position and the center of the molecule. This information allows to provide the user with an insight on the mechanism of inter-molecular bonding. In particular the position of the minimum is worth notice because it corresponds to ligand point: in that place the cursor stays permanently, due to attractive forces and repulsion of equal intensity and opposite sign (potential hole). The user can this way experience the notion of distance of binding, widely used in chemistry to explain how ligands occur. Another auxiliary information is the representation of the force as a vector, which can be seen as the grey arrow in Fig.5 . This way the user can understand which would be the direction and the intensity of the experienced force, which could otherwise difficult to distinguish, because users are not used to interact with haptic forces everyday (misleading perception). 
Didactic activities with the framework
With the tool here described, students can explore the electrostatic surface of the various molecules contained in the repository, and feel their electrical field, its typical values (minima, maxima) and the position of potential holes for the creation of links. It is also possible to understand how the bond is and how the molecule is oriented when the phenomenon occurs or, on the side, how it should be oriented to make the bind occur. Moreover, having used a software adopted in chemical research implies that the obtained simulation is based on data that replicate the behavior of interactions in a way as more realistic as possible, or in other words with the maximum precision in the description of phenomena. This approach is very different from considering the interaction between charges and molecule based on purely theoretical models, such as done by many applications that can easily be found also on the Web. The reliability and consistency in the reproduction of phenomena have been taken into consideration since the beginning of the work, given the specific purpose of teaching and research to be achieved by this tool. The instrument has been inserted in a chemistry course as a parallel laboratory activity. This may be done students who voluntarily choose to participate to deepen and understand the knowledge of the topics discussed in class. Laboratory sessions are assisted by a teacher who explains step by step and in an extremely guided way how to use the tool to test some behaviors of inter-molecular interaction explained in theory. The Fig.8 shows a pictures taken live during the use of the tool by students. Topics covered during these activities concern the study of specific features of molecules, for which the tool can highlight the behavior of the phenomena. 1) The first task has consisted of the study of the polarity of the molecules, i.e. the analysis of alternative modes of attraction of different areas of a polar molecule (e.g., water) according to the sign of interacting electric charge (positive or negative). Haptic tool allows the user to feel the different forces (attraction or repulsion) according to position of the charge with respect to the molecule. 2) A second task has been the experiencing the anisotropy of the interaction, i.e. how an electric charge may be affected by forces of varying intensity according to the approaching direction towards the molecule. In relation to this activity an area of influence of the molecule can also be determined, with which the user can understand how the effect of the molecule on the charge is dependent on distance from the molecule. Haptic tool is relevant here to feel varying levels of force (negligible, mild, strong) according to distance and direction. 3) Another experience is the determination of critical points of electrostatic field around the molecule. The location of these points coincides with the minima of the function plotted by the graph shown in Fig.6 .
Users feedback
The tool has been tested by different users on different molecules of increasing complexity in terms of number of atoms and bonds involved. Tests have been made, for example, with water, ammonia, methane, benzene. The sample of users considered consisted of 20 students and 10 researchers, sometimes also responsible for teaching activities of chemistry at university. Students involved in practical activities are attending in first years of university undergraduate courses in engineering, for which the chemistry course belongs to category of basic courses. The students have tried the experiences described in the preceding paragraph and gave us their feedbacks. Since the tool have been developed also for research purposes, technicians and researchers have also been testers of the tool and they have appreciated and considered it as a valuable help in understanding the modeled phenomena. Researchers, in particular, tried to see how the instrument is able to reproduce specific features of molecules, well-known to professionals. These tests has been valuable too, because it allowed us to appreciate the goodness and correctness of the simulation. Users feedbacks have been collected through a questionnaire administered to them at the end of each experience. In these questionnaire users were require to say us if: a) they were able to do the experience they were asked to, to provide us with impressions on the usability of the tool b) If they judged to have understood the phenomena in more detailed and precise way: in such case, we asked them to provide a textual explanation on how they consider their knowledge about the phenomena improved (new features elements of the phenomenon, new details of its dynamics and action, etc ...) and which were the characteristics of the tool that had made them able to improve their knowledge. From the responses obtained we can conclude that the strength of the tool is that it allows to combine the visualization of data, usually available only in digital format, with the feeling of haptic forces those data represent. Students have appreciated this new educational approach, and highlighted the ease of learning topics involved in the experiences, with respect to the assimilation of the same through classic textbooks. Students and researchers / teachers welcome the tool as a new approach along with regular ex cathedra activities.
Conclusion and future works
We have here presented a framework for experimenting inter-molecular force interactions.
The system consists of a computer and a haptic device, which improves the user experience and make students able to experience what they are used to study on books. The system relies heavily on data obtained by computational chemistry tools widely used in chemical research, which make the simulation of molecular interactions based not on theoretical models, as already done extensively in the past, but on information that can better represent with a high degree of detail the main features of real phenomena, as now considered and known by scientists. Future extensions of the work go in the direction of implementing other types of interactions, such as the simulation of molecule-molecule ones, seen as an extension of the chargemolecule interaction made in this work.
